Simultaneous injection of charcoal and coal with oxygen enrichment in the blast furnace has recently received remarkable attention due to its possibility of considerable decrease in coke rate, increase in productivity and enhancement of combustion in the raceway. This paper deals with a modeling of simultaneous injection of pulverized coal and charcoal into the blast furnace through tuyeres. This model treats the blast furnace as a multi-phase reactor and six phases are considered simultaneously: gas, lump solids (raw iron ore, sinter, pellets and coke), hot metal, molten slag, pulverized charcoal and coal. Conservation equations for mass, momentum, energy and chemical species are solved simultaneously based on the finite volume method. Firstly two base cases of 200 kg/thm injection of pulverized coal and charcoal respectively are simulated and afterwards mixed injection of coal and charcoal are investigated. Simulation results for the two base cases are compared with measurements on industrial scale trials. Good agreement obtained for major operational parameters and inner temperatures verifies the model developed useful. Afterwards, the simultaneous injection operations are simulated in order to improve blast furnace performance. The simulation results contribute to better understanding of the blast furnace phenomena with combined injection and also to the development of new cleaner technologies to enhance the blast furnace operation.
Introduction
The blast furnace based ironmaking process is one of the most energy consuming in the metallurgical industries. Therefore, tremendous efforts have been made in order to reduce the reducing agent rate of the blast furnace, or at least, replace the coke consumption by less precious reducing agents injected through the blast furnace tuyere. [1] [2] [3] [4] [5] [6] The simultaneous injection of pulverized charcoal and coal has attractive features not only due to the improvement of pulverized coal combustibility within the raceway, but also, the environmental benefits that can be obtained by capturing CO2 from the atmosphere in a relatively short cycle (about 7 years). Therefore it is an attractive technology especially for country such as Brazil, Australia, and China, where the climate is favorable to the plantation of eucalyptus and their strong intention to increase steel production requires new blast furnace technologies. The combustion rate of charcoal is quite high compared with those of coal and coke. When pulverized charcoal is injected into the raceway, its combustion first and furnishes heat and CO2 which is used for gasification of the pulverized coal by solution loss reaction in addition to partial and full combustion. Composition of charcoal is quite different from that of coal usually injected into the blast furnace. The charcoal has very low ash, sulfur and silicon content, however, volatile matter is usually higher, as shown in Table 1 . The product gas due to gasification has higher hydrogen content and lower ignition temperature (around 700°C). Pulverized coal injection technology has come to maturity and several blast furnaces over the world have been continuously operated with pulverized coal rates around 200 kg/thm. The limitation for increasing the injection rates is due to the flow of gas and particles in the lower part of the furnace and unburned coal leaving the raceway. In addition, pulverized charcoal injection practice for small blast furnaces with charcoal charging has entered in a stage of high technological development. 1) This paper proposes simultaneous injection of charcoal and coal into coke based blast furnaces in order to take the advantages of both technologies. The injection of charcoal into the blast furnace tuyere substitutes for coke charged from the blast furnace top and furnishes higher amount of hydrogen, which replace carbon monoxide as reducing gas in the shaft of the blast furnace. The hydrogen gas is a better reducing gas compared © 2011 ISIJ with carbon monoxide and allows savings of energy by decreasing the amount of direct reduction, which demands considerable amount of energy for the reaction. Several authors have addressed the multiple injections of carbonaceous materials into the blast furnace. [2] [3] [4] [5] [6] However, a detailed mathematical model, which is capable of simulating the simultaneous injection of charcoal and coal with high amount of oxygen through the blast furnace tuyeres, has yet to be fully studied. In this paper a mathematical model of the blast furnace is proposed to simulate the blast furnace operation with simultaneous injection of pulverized charcoal and coal. The model is based on the multi-fluid theory [7] [8] [9] [10] and considers explicitly six phases (gas, lump solid, molten metal, molten slag, pulverized charcoal and pulverized coal). Each phase has own composition and properties, and reactions concerning to all phases are considered in order to simulate the process of simultaneous injection. Compared with previous models [7] [8] [9] [10] a new phase, pulverized charcoal was added, and new chemical species were considered. The model uses similar concept presented in previous ones where inner phenomena are described by conservation equations with some model assumptions.
8,9) Figure 1 illustrates the six-phase concept with interactions of momentum, energy and mass. The model construction assumes that all phases simultaneously occupies an control volume within the domain and the relative presence and contributions of each phase are considered through their volume fractions. In this model the solid and gas phases are considered continuous while hot metal, slag, pulverized charcoal and pulverized coal are treated as discontinuous ones. This model uses the continuum approach theory, although recently DEM (Discrete Element Method) has been applied for simulating granular materials. 11, 12) Because those models have severe limitations to deal with realistic situation within the blast furnace regarding to accurate calculations of physical changes of the particles due to reactions and melting, in addition, necessity of large memory and computation time limits a number of simulation cases. Therefore, the continuum approach is a better tool to evaluate performance of the whole blast furnace process. [13] [14] [15] The treatment of the pulverized charcoal phase as an independent one is due to the significant difference in the thermo-physical properties and phase interactions compared with the pulverized coal phase. Also, kinetic rate equations are quite different between charcoal and coal, therefore, a detailed model has to take into account particular phenomena and mechanism of coinjection of pulverized coal and charcoal. As the result, this model aims to upgrade the modeling of the blast furnace phenomena and to investigate new operation techniques, which leads to lower coke consumption and also develops environmentally cleaner process.
Modeling

General Conservation Equation
The mathematical model is three-dimensional and analyses the packed bed region within the blast furnace, from the slag surface in the hearth up to the burden surface in the throat. Six-phases are treated: gas, lump solids (coke, sinter, pellets, lump ore), hot metal, slag, pulverized charcoal and pulverized coal. All phases are treated simultaneously due to mutual interactions. Thus, the governing equations of all phases, that form a large set of strongly coupled non-linear equations, are solved simultaneously. In this model, conser- In this equation, φ is the dependent variable, expressing the component velocities for the phase momentum equations, the enthalpy for the phase energy equations and the chemical species for the phase material equations, i represents the phase being considered or the chemical species of each phase. Γφi is the effective transfer coefficient which represents effective dynamic viscosity in the momentum equations, effective thermal conductivity in the energy equations and effective diffusion coefficient of the chemical species in the materials equation of each phase. The source terms are due to inter-phase interactions that can appear through chemical reactions, surface interactions and external force. [7] [8] [9] [10] Each phase is composed of various chemical species and the general conservation equation is used to calculate the phase motion, the phase energy and the mass fraction of chemical species in each phase. The list of all species treated in this model is presented in Table 2 , including the newly introduced chemical species in the gas, solid, liquids and powder phases.
Boundary Conditions and Numerical Features
The boundary conditions were applied on the boundary of the computational domain surrounded at the bottom by the slag surface and at the top by the burden surface and by lateral walls. At the top, the gas phase is assumed as fully developed flow while solid inflow is modeled assuming no gradient velocity, with the inflow rate given by solid mass consumption due to chemical reactions and melting. In addition, the inlet temperature of burden materials is given as a fixed value. At the tuyere inlet of blast, additional oxygen and pulverized coal are given by their inflow rates. The blast flow rate are fixed with pulverized coal and charcoal are iteratively calculated to reach the aimed pulverized coal and charcoal injection rates, which are specified at the beginning of the calculation. The blast temperature are specified as a fixed value throughout the calculation. At the side wall, momentum and mass fluxes across the wall are assumed null while heat transfer is allowed by setting an overall heat transfer coefficient. For the gas velocity it is assumed null values perpendicular and tangential to the furnace wall. The solid tangential velocity on the wall surface assumes coulomb attrition law with a specified coefficient of 0.3 and the normal force is calculated using the local solid pressure, which is lumped into the source terms of the momentum equations of solid phase in the nearest volume of the wall surface and acts always as resistance term to the motion. The burden distribution is determined by the relative volume fractions of the inlet solids and their average diameter. In this model the size distribution and solid volume fractions were estimated by adjusting the inflow volume fractions in the radial positions until best fitting the measured top gas temperature for the two base cases, namely, 200 kg/thm of pulverized coal and 200 kg/thm for pulverized charcoal. The numerical method used to solve the transport equations is based on finite volume method (FVM) formulated for a general non-orthogonal coordinate system.
16) The numerical mesh is constructed based on a body fitted system which allows accurate description of the blast furnace wall shape. In order to solve the governing (momentum) equations of continuous phases the SIMPLE algorithm is applied on a staggered grid for covariant projections of the velocities and the numerical coefficients of the discretized equations are determined by using the power law scheme. 17, 18) For the discontinuous phases the momentum equations are solved being coupled with the respective continuity equation. In this investigation the upwind scheme 17, 18) is used for the volume fraction while the power law scheme is used for velocity components of covariant projections with staggered grid.
Treatment of the Charcoal Phase Interactions and
Rate Equations The source terms in the conservation equations take into account chemical reactions, phase transformations, momentum interactions, external force and so on. The continuity and species conservation equations have mass sources due to chemical reactions and phase transformations. Enthalpy sources arise from inter-phase heat transfer, heat of reaction and sensible heat accompanied with mass transfer due to chemical reactions and phase transformations. The formulations for the phase interactions and chemical reactions have been published in previous reports. [7] [8] [9] [10] 14, 15, 19) Heat of reactions and phase transformation are obtained and adapted from literature sources. 20) Therefore, details of chemical reactions and physical properties are discussed only for the pulverized charcoal phase in this section.
This model considers the pulverized charcoal injected through a separated lance into the raceway channel, which is newly introduced as a new phase in this model. For the momentum and energy transfer the equations are same as those used for pulverized coal, only differing by its physical properties, such as particle diameter, density, heat capacity and heat conductivity. The reaction rate models for pulver- 
ized charcoal have same expressions, however the parameters of reactivity and inner particle structure are quite different, which gives high difference in reaction rates. Table 1 presented the thermo-physical properties used in this model. The combustion of pulverized charcoal proceeds earlier than that of pulverized coal and releases heat which enhances the combustion of the pulverized coal. However, both position and rate of the injection are key parameters to successfully inject high amount of pulverized coal. In the previous work, 19, 21) we recommended firstly injection of charcoal and then that of coal, keeping a distance of around 50 mm between the injection positions within the raceway channel. 21) In addition, the ore/coke ratio in the burden materials changes and affect the inner conditions of the reactor. Therefore all the phase interactions such as momentum, mass and energy transfer are strongly affected when compared with only pulverized coal injection or all coke operation.
The chemical reactions and respective rate equations considered for the charcoal phase are described in Appendix A. These rate equations were newly implemented into the model to account for charcoal injection. Recently some researchers have investigated combustion and gasification rates of biomass under blast furnace conditions. The main parameters of the equations were obtained from their experimental results. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] For the reactions rates of carbon combustion, solution loss and water gas reaction for both pulverized coal and charcoal, a comparative combustibility experiment was carried out with pulverized coal and pulverized charcoal used in this calculation in order to determine relative rate parameters used in these calculations. The model parameters and reactions rate constants are presented in Appendix B. Due to limitations of the experimental apparatus, the pulverized coal and charcoal experiments were carried out at fixed conditions, similar to those of the operational base case of pulverized coal used for validations of the total model.
Results and Discussions
Calculating Conditions
In this investigation simulations were carried out in the first step to adjust the model to predict the in-furnace states and the global parameters of two practical operation conditions, one based on 200 kg/thm of pulverized coal injection and the second with 200 kg/thm of pulverized charcoal injection. In this step the burden distribution was iteratively determined to coincide satisfactory with the measured radial temperature distribution of top gas and the isotherms in the burden bed measured by inner probes in industrial scale trials. Then, in the second step, the model was used to estimate effects of co-injection of pulverized coal and charcoal. Five additional cases were analyzed: a) co-injection of 100 kg/thm coal and 100 kg/thm charcoal, b) co-injection of 200 kg/thm coal and 50 kg/thm charcoal, c) co-injection of 125 kg/thm coal and 125 kg/thm charcoal, d) single-injection of 250 kg/thm coal and e) single-injection of 250 kg/thm charcoal. In all cases additional enrichment of oxygen was needed to keep smooth operations, which means stable heat supply in the lower part of the furnace and stable shape of the cohesive zone.
Model Validation with iNdustrial Blast Furnace
Data The proposed model was verified by using measured data obtained in an industrial blast furnace which has working volume of 3 800 m 3 and instrumentations based on temperature probes. A vertical probe was inserted into the burden at the top descending in the blast furnace with the movement of the solids until the melting zone. The top gas temperature measurements were carried out by using radial distribution of thermocouples fixed in a support. The model was compared with averaged values of the data measured in 3 monitoring campaigns carried out in 4 days test trials. Table 3 lists major operational parameters measured and predicted by the model. Good agreement between the measured and the computed results is obtained for both cases. Figure 2(a) shows a comparison of the predicted isotherms with the measured ones in the blast furnace under pulverized coal injection of 200 kg/thm, which has been used in the practical operation. The marks represents the position where the thermocouples reach the correspondent temperatures. The positions of each thermocouple was determined by the reference in the burden surface of the wire protection of the thermocouple. Additionally, it was corrected by the calculated inner solid flow path, thus, it was assumed that the thermocouples moved together with the solid particles. The lines connecting the marks indicates the assumed thermocouples path inside the furnace. Very good agreement is obtained in the granular zone of the furnace for the measured and calculated temperature. Figure 2(b) shows the same comparison for the 200 kg/thm injection of pulverized charcoal. In this calculations the thermal conductivity of the pulverized charcoal was assumed the same as the pulverized coal due to lake of measured data. Figure 3 shows a comparison between measured and predicted top gas temperatures in radial distribution. In Fig. 3 (a) the temperature profile is nearly linear and has average discrepancy of around 50°C. On the other hand, Fig. 3(b) shows rather flat profile in the peripheral region of the blast furnace throat and rapid increase in the central region with average error approximately 70°C. Figures 4(a) and 4(b) depict the burden distribution for the 200 kg/thm injections of pulverized coal and charcoal, respectively, which are determined by the method to treat the solid inlet boundary conditions, explained in Section 2.2 for the same charging practice. The burden distributions show slight difference in the two cases as expected and relative increase in the ore/coke ratio in case of pulverized charcoal is to account for the increase in the productivity driven by the additional oxygen used in this practice. Figure 5 shows temperature distributions in the combustion zone for the 200 kg/thm injections of pulverized coal and charcoal respectively. It is clearly seen in Fig. 5 that the combustion zone temperature is higher in the injection of pulverized coal than that of pulverized charcoal, although oxygen enrichment is higher in the charcoal injection case (see Table 3 ). These results confirm the general trend obtained by the heat balance models and measurements. 2, 29) It is evident when the combustion is complete for both, in these two cases the considered here the combustion efficiencies were almost the same (see Table 3 ) . The reasons for this behavior are due to lower calorific value of the charcoal compared with coal and the higher volatile matter of the charcoal, although the ash content in the charcoal is very low compared with coal and coke. The streamlines of gas and cohesive zone location are illustrated in Fig. 6 .
When pulverized charcoal is injected with increased oxygen enrichment, the increased gas volume passing through the dropping zone enhances heat transfer. As the result, the cohesive zone slightly moves upward, as seen in Fig. 6 . The comparison of inner temperature for these two cases shows that the pulverized coal operation presented higher temperature in the central region of the furnace while the pulverized charcoal shows flatter distributions. The burden distributions for both cases, although shows similar trends, shows higher coke volume fraction in the central region for the pulverized coal, in addition, the cohesive zone is thinner in this region for the pulverized charcoal, which makes the gas flow of the pulverized coal be more linear than the charcoal case, since the gas passed through the cohesive zone more distributed for the pulverized charcoal However, the silicon content of the hot metal decreases as written in Table  3 . This comes from the combined effect of lower temperature in the dropping zone, lower silica content in the pulverized charcoal and shorter residence time of the SiO gas in the dropping zone. Figure 7 shows calculated results for the SiO gas concentration in the lower part of the blast furnace. Higher SiO concentration into the gas phase leads to higher silicon transfer to the hot metal and higher heat supply. The SiO gas plays important role in the silicon transfer to the hot metal in this region and also affects thermal state in the lower part with heat absorption of the reaction and consequently stability of the blast furnace operation. When locally the silicon reactions strongly takes place it is accompanied by strong changes in the local temperature and may cause unstable blast furnace operation. The flowing conditions of hot metal and slag in the lower part of the blast furnace are good indication of stable operation and has important role on the gas distribution and cohesive zone. when observed their volume fraction distribution it is seen that for the pulverized coal injection the volume fraction is higher in the centre of the dead man while for pulverized charcoal it is distributed. The pulverized charcoal presented higher productivity and higher ore/coke ratio was charged in this region. The slag flow characteristics are also shown for these two cases. The slag flow pattern presented similar behavior as for liquid metal, however, the slag velocity is a order less than hot metal, as shown in Fig. 9 . Comparing the volume fractions pattern, it s clearly observed that for the and higher retention of slag is observed in dropping zone due to higher slag rate.
Comparisons of Operational Parameters under Co-injection of Pulverized Coal and Charcoal
In this section seven cases of pulverized coal and charcoal injection are discussed in the light of global parameters. Table 4 kg/thm of PCI and 100 kg/thm of PCH. The main reason is due to increase in oxygen enrichment and decrease in coke rate, thus the ore/coke ratio in the burden inlet increases. In addition to the oxygen enrichment, the change of the infurnace state causes the small gain in the productivity. The increase of pulverized coal combustion efficiency is explained by the temperature increase caused by earlier combustion of pulverized charcoal. Similar effect is obtained in the simulation of higher amount of injection. However, different trend is obtained for the pulverized coal injection of 250 kg/thm, which presents the lowest combustion efficiency. Therefore, it is observed that for co-injection of pulverized coal and charcoal with enrichment on oxygen the combustibility of both can be enhanced, since early heat release supply energy for pulverized coal. The coke rate shows lower value for the co-injection of 200 kg/thm of pulverized coal and 50 kg/thm of pulverized charcoal as listed in Table 4 . This result shows viability for the effective use of the co-injection as a new technology in the blast furnace operation. It is also worth to mention that only by using comprehensive mathematical model, as described in this paper, is possible to obtain conclusive operations with new injection materials.
Comparison of the In-furnace States under Multiple Injection
In this section, the model is applied to investigate new operational conditions with higher injection rates. The infurnace states are addressed and recommendation for smooth operations is considered. Figure 10 shows the burden inlet boundary conditions used for all the cases analyzed in this study, determined as previously described. Figure 10 shows that for the co-injection cases of 250 kg/thm Note: The hot metal temperature is calculated using the total energy flow rate at the slag surface (bulk temperature). the burden patterns were considerably changed although the general trend of higher coke layers charge in the central region of the furnace was maintained, obviously this charging pattern will influence the inner temperature and blast furnace variables. Figure 11 shows temperature distribution for the operations of different PCI to PCH ratio in the total injection rate of 200 kg/thm. The co-injection of 100 kg/thm of pulverized coal and 100 kg/thm of pulverized charcoal shows favorable temperature distribution for a stable blast furnace operation with high productivity (see Table 4 ). Figure 12 represents temperature distributions for the cases of different PCI to PCH ratio in the total injection of 250 kg/thm. As seen in Table 4 and Figs. 12(b) and 12(c), the simulation results suggest that the case of combined injection of 200 kg/thm of pulverized coal with 50 kg/thm of pulverized charcoal gives the higher productivity with lower coke consumption and stable operation.
Conclusions
A mathematical model of the blast furnace has been developed, which can simulate the blast furnace operation under simultaneous injection of pulverized coal and charcoal with oxygen enrichment. The model considers multiphase chemical reactions with rates calculated by kinetic equations. Measurements of temperature distribution in the packed bed of the blast furnace and radial distributions of top gas temperature were carried out in order to compare with model predictions. A standard blast furnace operation with 200 kg/thm injection of pulverized coal and a new operation of 200 kg/thm injection of pulverized charcoal were presented. For both cases the burden distribution patterns were iteratively determined to obtain good agreement with measured isotherms in the packed bed and also radial temperature distribution at the top of the burden bed. Simulation results show good agreement with measured data as a whole for both validation cases. The model was, thus, applied to simulate new operational conditions on the co-injection of pulverized coal and charcoal. The simulations confirm that co-injection of pulverized coal and charcoal with increase of oxygen enrichment enhances the blast furnace operation. In this investigation, the simulation results indicate that total 250 kg/thm co-injection of pulverized coal and charcoal at different ratio is possible keeping smooth blast furnace operation. This study concludes that 200 kg/thm of pulverized coal combined with 50 kg/thm of pulverized charcoal would provide a good operation result for a high level injection of pulverized coal. ISIJ International, Vol. 51 (2011), No. 5
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Rate Equations for the Chemical Reactions for Pulverized Charcoal
Reaction rates for pulverized charcoal involve complex mechanisms depending strongly on the temperature and carbonization process. In this study, the rate equations are adapted from previous models for carbonaceous materials. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] In this appendix, the chemical reactions and rate equations used in the blast furnace model proposed in this paper are described.
A1-Partial and Full Combustion of Fine Particles
In the blast furnace raceway carbon in the fine particles combusts either partially to CO or fully to CO 2.
19) The rate equations for these reactions are modeled as follows: Where, the properties in Eq. (6) are estimated at the average temperature of the gas particle emulsion, Tave = (Tg + Tpch)/2 and the volumetric particle surface area is determined as a function of powder diameter, shape factor and volume fraction, A pch = 6(ε/(dϕ) pch . In the physical and chemical properties of the particle included in the above mentioned formulation, reactivity and pore structure of the pulverized charcoal play important roles on the overall reaction rate. 21, 27, 28, 30) In this formulation these properties are included in the specific rate constant, kave and ηave , as follows: The parameter A and B are presented in appendix B for both materials used in this study. Thiele modulus and effective intra-particle diffusion coefficient are given by and , respectively.
The parameters, ζ pch and τ pch are particle porosity and pore tortuosity depending upon the inner particle structure of pulverized charcoal, which, in turn, depend on the biomass raw materials and carbonization process. The parameters used in this study are presented in Table 1 together with other useful pulverized coal and charcoal physical and thermophysical parameters.
A2-Gasification by Solution Loss Reaction
The rate of solution loss reaction is expressed using a mechanism of mixed diffusion and kinetic control. The kinetic parameters included in the rate equation also strongly depends on the particle pore structure 24, 25) and the dynamics of the reactant and product gases. Where, the temperature dependency of the specific rate constants are discussed and given in Appendix B.
Similarly to the combustion reaction, the effect of pore structure is introduced and used in this investigation.
A3-Gasification by Water Gas Reaction
The gasification rate of charcoal with moisture is obtained in the similar manner as for the solution loss reaction Where, the specific rate constants are given in Appendix B for both pulverized coal and charcoal. The above rate equations were newly implemented in the blast furnace code as a reaction module, which coupled with conservation equations of motion, heat transfer and chemical species for the newly added pulverized charcoal phase.
Appendix B Estimation of the Kinetics Parameters for the Reactions of Pulverized Coal and Charcoal Used in This Study
The experimental apparatus used to compare the reactions behavior of the carbonaceous materials used in this study are vastly described in the literature. 22, 29, 33) In this section the main parameters used in the numerical calculations are presented. Due to lack of an unified set of parameters that represent the particular carbonaceous materials used in this study, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] the experimental procedure where carried out with same parameters of temperature, gas flow rates and gas compositions for each of the individual reactions considered. The parameters used in this study is listed in Table 5 and for the sake of comparisons the reference values commonly used for lump coke from Miyasaka and Kondo works are also presented. 37 ) Figures 13-15 shows the model calculations compared with experimental data by using the rates equations presented in the Appendix A, to fit the model parameters. 
